Additive manufacturing has recently expanded its potential with the development of selective laser melting (SLM) of metallic powders. This study investigates the relation between the mechanical properties and the microstructure of Ti6Al4V alloy produced by SLM followed by a hot isostatic pressing (HIP) treatment. HIP treatment minimizes the detrimental influence of material defects. Tensile specimens produced with reference to specific building axes were prepared using a Renishaw A250 system. It has been found that the tensile strength and elongation depend on specimen building direction. Microstructural and textural characterizations were carried out to identify the source of differences. Ti6Al4V  powder  structure  tensile test 
Introduction
Additive manufacturing has recently expanded its potential with the integration in the processing apparatus of high-power highly focused energy source, such as a laser. One technology is denominated selective laser melting (SLM) and is capable of melting and micro welding metallic powders of different composition (Kruth, 2007) .
The working principle is based on the iteration of three steps: i) a thin layer of powder resting on a substrate platform is selectively melted to give the desired geometrical crosssection of the part; ii) the building platform is lowered by the typical layer thickness (i.e. 50 µm) and iii) a spreading and levelling system distributes a new layer of powder (Levy, 2010) .
The process is repeated until the desired part is layer-wise built. Fig. 1 shows a scheme of an SLM system with the powder shown as grey and the part being built in black. The building chamber is equipped with a low pressure inert gas atmosphere to avoid metal oxygen reaction.
Any 3D part geometry can be obtained directly. Further advantage is saving material and reducing energy consumption when compared to traditional processing techniques. SLM is currently capable of producing near fully dense parts made of high performance materials such as titanium, Nibased super alloys and stainless steels. SLM is increasingly applied in the aerospace and biomedical sectors (Hollander, 2006; Kahlen, 2001; Rehme, 2005) .
However, the relative novelty and the complexity of the processing/microstructure and properties relationships make SLM a manufacturing technology requiring further study (Facchini, 2009; Thijs, 2010; Vracken, 2001) .
This study investigates the influence of a SLM process followed by a hot isostatic pressing (HIP) treatment on the structure, texture and mechanical properties of Ti6Al4V alloy specimens. 
Experimental
The material used in this study was Ti6Al4V alloy with chemical composition in the table 1. The spherical Ti6Al4V powder with the controlled granulometry in the range 15 -45 µm, Fig. 2 , was used. Determined elements 0.007 0.006 0.002 Bal.
The SLM system used in this study was a Renishaw A250 system which uses an ytterbium fibre laser with a wavelength of 1075 nm. The maximum build volume is 245 mm × 245 mm × 300 mm (x, y, z), the build rate 5 cm³ to 20 cm³ per hour, the layer thickness 20 µm to 100 µm, laser beam diameter 70 µm at powder surface and laser power of 200 W.
HIP of the SLM part can be performed to increase its quality and density (Mashl, 2015) . The HIPed specimens under investigation were heated to temperature 920 °C and subjected to pressure 1 000 bar for 2 hours in argon. The objective is the closure of all existing discontinuities associated to the layer-by-layer fabrication process.
A characterization of the inherent texture and microstructure of the SLM and HIPed material due to the layer-by-layer selective laser melting process was determined by light microscope (LM) Neophot 32 and SEM Tescan LYRA 3 XMU FEG/SEM with EDX analyser.
Specimens (6.25 x 4 mm 2 in minimum cross-section) for tensile tests were produced according two orientations with respect to the build direction as shown in Fig. 3 to analyse the influence of fabrication orientation on the structure and mechanical properties.
Fig. 3. Specimen orientation with respect to build direction
The main difference between the two specimens is the number of laser melted layers involved. Tensile tests were performed according to ASTM 8/E 8M -08, using a MTS 810 servo hydraulic machine equipped with a 25 mm-gage length MTS extensometer. The tests were conducted in displacement-control mode (rate 0.01 mm/s). The fractographic analysis of fracture surfaces after tensile test was performed on the Tescan SEM.
Results and discussion

Structure characterization
One specimen with x-z orientation (T2) and one specimen with x-y orientation (T3) shown in Fig. 3 were chosen for metallographic analysis. Metallographic sections were prepared according to transverse and longitudinal directions of the specimens.
The studied Ti6Al4V alloy is a typical two phase α+β structure containing α and β phases which are stabilized by alloying elements, Fig. 4 . α phase is stabilized by aluminum, Fig. 4a , b and β phase is stabilized by vanadium, Fig. 4a , c. The HIP process improved porosity and density of the specimens and affected the structure obtained during SLM fabrication phase. The porosity of both specimens is very low and only very small (i.e. several µm in size) defects were identified near the top surface. They could be readily removed by machining. Typical pores observed near the top surface are shown in Fig. 5a . These defects were orientated parallel to the laser scanning direction. In both specimen high roughness was found near the top surface, especially in specimen T3 with x-y orientation, Fig. 6a, b .
The microstructure consists of a lamellar structure of α+β phases shown in Fig. 5c and Fig. 6c , respectively. During the SLM process α´ martensite is formed. The subsequent HIP process converted the original structure into a lamellar α+β structure (Lütjering, 1998; Kubiak, 1998) .
The structure of α+β phases is in the form of colonies where parallel α phase lamellae in the elongated primary β phase grain are created during cooling from the high temperature of the HIP process. In each elongated β grain, new colonies nucleate not only on its boundaries but also on boundaries of the colonies and exhibit the typical Widmanstätten microstructure (1), Fig. 5c, d (2). The structure analysis revealed in the T3 specimen regions with coarser grains or small equiaxed grains of α phase, Fig. 6c which was better visible in the SEM, Fig.  6d . The higher content of areas with (fine or coarse) α grains may be responsible for lower elongation of T3 compared to T2 specimen. The stabilized α phase increases the strength and decreases the elongation. The thickness of α-lamellae, see for example Fig. 5a and Fig. 6d , and colony size have the most significant influence on mechanical properties (Lütjering, 1998; Gil, 2001; Bača, 2017; Konečná, 2017) . Thin lamellas contribute to the higher strength. However, the determination of α colony size is complicated by the presence of the Widmanstätten microstructure, Fig. 5c and Fig.  6c .
Texture characterization
The macrostructures of specimens are shown in Fig. 5.b and Fig. 6a, b . In the case of specimen T2 (x-z orientation) it is difficult to distinguish a well-defined texture depending on the laser beam scanning direction. The primary β phase grain growth is parallel to the specimen build direction. The build direction for T2 specimen is identified from orientation of light elongated grains and scanning direction is perpendicular to the built up grains orientation. In opposite for specimen T3 the macro view, Fig. 6a, b , shows the texture very well visible and is orientated in the direction of build elongated β grains (Bača, 2016; Konečná, 2016; Konečná, 2017) . Fig. 7 shows the stress-strain responses of the HIPed x-y vs. x-z specimens. They demonstrate consistently a difference in mechanical properties depending on the specimen orientation. The x-y specimens are associated to higher yield stress and ultimate strength (ca. 10 %) and lower elongation to rupture than the x-z specimens. The high temperature exposure of HIP process reduces the ultimate strength Rm of SLM Ti6Al4V from a reference value of about 1300 MPa but significantly improves the elongation to rupture (Thijs, 2010) . 
Tensile testing
Fracture surfaces
Inspection of macro-fracture surfaces after tensile test shows differences between specimens T2 and T3, see Fig. 8a and b. Overview of fracture surface of specimen T2 (x-z) shows higher plastic deformation compared to the specimen T3 (x-y) what is in accordance with measured elongation to rupture shown in Fig. 7 .
They both share the same characteristic transcrystalline ductile fracture with dimple morphology but dimples formation and deformation is different. Magnified views of the central region of both fracture surfaces are shown in Fig. 8c  and d .
In the case of specimen T2 confirms deep plastically deformed dimples seen in detail in Fig. 8c . The fracture nucleates in the area of α phase nucleation, then plastic flow occurs in the areas of β phase which is much more ductile, close to α phase areas.
Dimple size is typically different for α phase (large) and β phase (small) even if this phase is more plastically deformable than the α phase. The reason is that the β phase is confined between thick α lamellas. The dimples in the region (1) are elongated in the direction of shearing deformation.
The dimple characterizations on the surface of specimen T3 are larger and flat. Initiation of dimple formation was by transcrystalline cleavage visible in Fig. 8d . The reason of the cleavage initiation may depend on the content of large α phase grains, which are brittle compared to the thin β phase. 
Summary and conclusion
This study investigated the influence of a SLM process followed HIP treatment on the structure, texture and mechanical properties of Ti6Al4V alloy specimens produced according to different orientations with respect to the specimen build direction. The following conclusions were drawn:
• The HIP treatment applied after SLM preparation results in good material quality and density. • Higher porosity was observed on the top surface of T3 (x-y) specimen. • The texture of material produced by SLM technique is not significant after HIP process. • Both specimen direction buildings result in similar microstructures.
• The x-y orientation building was characterized by higher content of large brittle α phase grains that resulted in higher strength and yield stress and lower elongation when compared to the x-z orientation. • The dimples on fracture surface of α phase in specimen with x-y orientation are flat and large with originating cleavage crack at their root. 2 1 10 µm
